Introduction
Successful propagation of laser radiation through the atmosphere requires detailed knowledge of the absorption properties of the intervening medium. In the infrared and near-IR regions being considered for high-energy lasers, some atmospheric constituents have very significant absorptive properties. In particular, water vapor, carbon dioxide, and methane, although minor constituents in terms of percentage abundance in the atmosphere, possess sizable electric dipole moments which give rise to very significant absorptions. The absorptions form a discrete line spectrum arising in this energy region from the interaction of vibration and rotation of the molecules. In addition, collisional broadening of transitions makes line-wing effects important.
The HITR,4N database was established to provide an archival database of necessary spectroscopic parameters of molecules to serve as input to high-resolution transmission and radiance codes. It is the international standard database for this purpose. The 1996 edition [1] of HITRAN at the conception of this effort contained line-by-line data for 38 molecular species, including their most significant isotopes. The parameters for each transition include: line position, intensity, air-and self-broadened half-widths, lower-state energies, and relevant temperature-dependent coefficients. A good summary of the quantities involved, and how they are applied, is contained in the appendix of Ref.
[I].
The development of the HITRAN database takes place on two fronts. Ideally, all parameters (especially line positions and intensities) would be calculated from quantum-mechanical formulae. This would ensure a self-consistent set of parameters that would be well characterized and also maintainable. However, this is not practical at this time for many molecular species due in part to the complexity of the problem. Resonances, perturbations, and energy-level mixing are major contributors to the complexity, especially for the shorter wavelength regions where one is dealing with vibrational overtone and combination bands. Thus, to achieve the required accuracy in HITRAN for many applications, molecular spectroscopic parameters are often indirectly transcribed from experimental observations. An overwhelming number of the observations are obtained from Fourier transform spectroscopy (FTS), a technology that has matured in several laboratories throughout the world.
The principal goal of this project is to provide improved absorption line parameters for molecules and their isotopologues for the purposes of long-path laser transmission in the terrestrial atmosphere. In particular, the focus was to improve the line positions, intensities, and air-broadened half-widths of water vapor, carbon dioxide, carbon monoxide, and methane in the spectral regions of candidate high-energy lasers. The sections below describe the results of this effort, and some unresolved issues. The original plan of this program was a three-year effort.
2. Enhancements to molecular spectroscopic line parameters
Water vapor (H20)
Of the species to be studied in this effort, by far the most important and most difficult for improvement is water vapor in the near-infrared and visible. Being a "light" molecule, H20 has spectral lines extended over wide spectral regions. For example, the pure-rotation lines well overlap the fundamental bending mode vibration at 6 pm. The situation gets much more complex in the near-IR and especially the visible, where many combination bands are involved.
The lightness of this molecule (low moments of inertia and thus large rotational constants) makes convergence with standard theoretical analysis a serious impediment. The experimental work is also made difficult by blending of lines, adsorption on cell walls, the need for very long-path cells in standard procedures, resonances, perturbations, and a host of other challenges.
We started our research with the study of the different types of lasers likely to be used by the military. We assembled the principal characteristics for each laser (wavelength, tunable or not, etc.) which were essential to target our work. We collected articles about line parameters (frequencies, intensities, air broadening, and air shifting) of water vapor in the different spectral regions of interest. The goal, at the outset, was to compare the different files in the literature with the HITRAN database, and then to make assessments concerning the more correct line parameters. We initially examined the 0.532-pm spectral region (YAG laser) with the line list of Prof. Michel Carleer, Universit6 Libre de Bruxelles (ULB), Belgium). We also researched many other possible new available sources of water-vapor parameters (high-resolution, highphotometric accuracy data) that needed to be assessed.
The post-doc on this program, Dr. David Jacquemart, continued his research on the various "sources of water-vapor lines and focused his work on the (0.87-1.25), (1.307-1.515), and (1.6-2. 1)-pm spectral regions. His work consisted in doing cross comparisons with the different data obtained from the literature. He began with the study of the 1.307 to 1.515-jim spectral region, which corresponds mainly to the use of the COIL. We also studied the possibility to support the project of a new powerful approach, intracavity laser absorption spectroscopy [2] . This method has the potential to allow the determination of intensities of very weak lines. This project could lead to the recording of water-vapor spectra in the 1.315-micrometer spectral region. in comments, and many difficulties need to be surmounted, but it seems to be possible to once again use the set of subroutines leading to the Direct Numerical Diagonalization of the Hamiltonian. Toth [5] , and HJTRAN[I] around 7183 cm'l.
form spectroscopy that enables one to simulate extremely long path lengths in small cells [2] .
This method would be extremely useful for measuring weak line absorption in the near-IR and visible regions. A modest proposal, on the order of $80000, has been submitted. It would be extremely beneficial to this project to be able to support this revolutionary and promising technique.
In the region of the COIL ( In the other spectral regions, the improvements are in the 0.40-0.76 pm spectral region (Nd:YAG at 0.532 pm, and LIDAR at 0.7 pm), which will be updated from the work of the team of Prof. Michel Carleer [9, 10] and line intensities have been adopted from Ref. [19] . The difference between the current HITRAN database and the new data is illustrated in Fig. 3 . The stick plots are in log scale, created using the HAWKS software. Figure 3 . Increase in spectral coverage and dynamic range for H21 7 0 line parameters. Top plot is new data based on Ref [19] . Lower plot is 1996 HITRAN data based on old spectra and analysis.
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With respect to the air-broadened half-widths, we took values from equivalent H 2 16 0 lines that existed in the HITRAN database. We anticipate that our validation will confirm the improvement and that this list will be incorporated into the next edition of HITRAN. However, it could be made available in advance for the AF requirements.
We are making validation and comparison tests using the PC version of FASCODE (PcLnWin), and will make runs to examine the consequences of updated water-vapor data. Prof. which must be updated from the work [5, 7] of Toth (the superiority of these results were again confirmed during a talk in Columbus). It seems to be difficult to obtain these data; we plan to follow up with more communications with Toth.
An article on water vapor in the I-to 2-pm region by a group in the UK [22] , seems to be very interesting for the regions of tactical interest, and consequently will be analyzed carefully.
We began a correspondence with Dr. Kevin M. Smith (Rutherford Appleton Laboratory, UK) in order to obtain his data on water-vapor parameters in this region.
Carbon Dioxide (C0 2 )
Carbon dioxide is a trace gas in terms of amount in the terrestrial atmosphere (approximately 360 parts per million and increasing, and uniformly mixed in the atmosphere).
However, due to its very strong electric dipole moment, it plays a major role in atmospheric absorption. The molecule is linear in configuration, and has many combination bands and hot bands that must be modeled in atmospheric simulations. The theoretical treatment is generally simpler than for water vapor, but care must be taken with respect to some resonances, perturbations, and also line-shape effects. There are also eight isotopologues to be considered in HITRAN, the most of any molecule in the database.
In the second half of this effort, Dr. David Jacquemart worked on the CO 2 Benner worked with a team from NASA Langley Research Center and acquired high-resolution, good photometric accuracy data for numerous bands in the 3-5 Am region, using the facility at Kitt Peak National Solar Observatory. The results of our tests lead us to believe that the CDSD calculation is better than the DND calculation. This is mainly due to the fact that CDSD incorporated more recent studies into their theory, observations that were not available at the time of the last DND calculation. The data from Benner should be particularly useful for the DF laser (chemical dynamic laser).
In order to improve the CO 2 line parameters in the HJTRAN database, we decided that it will be better to keep the experimental values for the intensities when available. However, for positions we plan to add the calculation of CDSD for bands that are perturbed or for which coefficients come from DND calculation. We will probably also replace line positions in HITRAN that rely on observed Venus spectra [251. The latter data supplemented more accurate controlled laboratory measurements in HITRAN.
For the intensities, we plan to add new high-quality experimental measurements. For this,
we have a number of contacts with laboratories using FTS throughout the world. One example is the analysis in progress on the recorded CO 2 spectra from 4000 to 9000 cm-1 at Kitt Peak by Dr.
Linda Brown and Prof. Charles Miller (Haverford College) [26] . Moreover, collaboration with
Miller will be done in the future in order to recalculate all the CO 2 transitions in the selfconsistent method accomplished in Ref. [23] .
We have developed a practical strategy to update the carbon-dioxide line parameters in
HITRAN.
Among the works being considered for the update is the theoretical method of effective operators, advanced by Tashkun et al [24] . They have produced a database in HITRAN format.
However, we have taken the approach to use experimental results (which are more accurate than the theoretical calculations) whenever available. This applies to both the energy levels and the intensities. First, we retain the HITRAN line list based on Refs. [23, 27] , but take into account more recent results concerning the line intensities. The works on intensities come from: Mandin et al [28] for the 10012-10001 band of 1 2 C' 6 0 2 centered at 2225 cm'-; Claveau et al [29] for the fundamental v3 and five hot bands of 1 6 01 2 C' 7 0 between 2200 and 2400 cm'l; Refs. For positions, we are updating the spectroscopic constants of the triad of levels 2v, + 3v3 and the combination level 2v, + v 2 + 3v3 from the work of Ding et al [39] , as recommended in Goldman et al [40] . These updates improve positions of bands in the vicinity of 9600 cm-1. In addition, we decided to improve the positions of the bands of the isotopologues that include the isotopes 170, "0, and 1 3 C for which the levels have not been observed. In the 2000 HITRAN edition [41] , the spectroscopic constants of these levels have been determined using DND constants 6 for 1 2 C' 6 0 2 and 1 3 C' 6 0 2 , and using the calculations of Rothman and Benedict [42] for the others isotopologues. For the next edition of HITRAN, we propose to use the calculated line positions involving these levels from the work of Tashkun et al [24] , that is to say from the CDSD-296 database. For the other bands, for which the upper and lower levels have been 11 determined [23, 1] from experimentally observed positions, we prefer keeping these data which are more accurate than calculations (at least up to the highest rotational value measured).
We are also planning to incorporate the ongoing high-resolution work of Miller and Brown [26] between 4000 to 9000 cm"'. It should be remarked that some of these aforementioned works will enable us to replace carbon dioxide line positions in HITRAN that were derived from observations of Venus by Mandin [25] . The latter values were chosen for many short wave positions in HITRAN where no laboratory observations were previously available. The new laboratory high-resolution studies should gradually supersede these lower-resolution results as well as many calculated positions.
This program for improvement to the carbon dioxide parameters is clearly required for many tactical arena problems, but requires some time resources. We will utilize Fortran programs previously developed by Rothman to calculate the line list from the updated energy level spectroscopic constants, band strengths, and Herman-Wallis coefficients. Ideally in the long run, a new consistent least-squares fit of all observed energy levels should be performed in the manner of Ref. [23] . Table 2 is a summary of the data being considered for the HITRAN CO 2 update. and 627 S 2 pm Castrillo et al [44] A few lines S Table 2 . Plan for update of carbon dioxide parameters in HITRAN (v, S, y, n are parameters for position, intensity, half-width, and temperature dependence of half-width). Figure 4 is an example from Miller and Brown [26] showing the reduction of error in HITRAN when applying their work. This is typical of the improvements that will be possible when we incorporate the data of calculation for the 2.1-prn region [48] , and from experimental results for the 1.6-jim region [51] .
Concerning the 1.6-pm spectral region, comparisons between HITRAN, new calculations of Dijon, and results of Prof. Sasada's group [50] , showed that the experimental results of HITRAN were in good agreement with Ref. [50] (mean discrepancy of 0.0012 ± 0.0005 cm" for 9 line positions), contrary to recent calculated results of Dijon (mean discrepancy of 0.067 L 0.053 cm-1 for 9 line positions). The probable explanation of this situation is that, for the moment, the calculation for the tetradecad region is inferior to good observations. So, for this region, it seems that no improvements can be taken from the recent calculation of Dijon. However, for the 2.1-gim spectral region, comparisons between HITRAN and new calculations of Dijon showed that numerous discrepancies appear for the line positions and line intensities. The discrepancies for line positions are on the whole between ± 2 cm", except for one band for which it can get as large as 12 cm-1 . For this band, it really seems that the problem comes from HITRAN. For the intensities, the discrepancies are very large, since they can be as much as 4 orders of magnitude (some intensities in HITRAN seem to have been overestimated). Thus, in this region, we think we will be able to improve HITRAN line positions and intensities. concerted effort to evaluate, correct, and merge the best FTS observations being made by our team and several other laboratories. Line-coupling is also expected to be quite relevant for methane, and algorithms for this phenomenon need to be implemented.
